Abstract The chemical screening of the biomass of a new marine-derived strain of Penicillium roqueforti, produced by liquid-state fermentation, led to the identification of several volatile and nonvolatile compounds. As a result of previous studies, we have isolated and characterized a new molecule. The chemical structure of 2-deoxy-2-phosphamino-α-D-glucopyranose isolated was elucidated on the basis of 1D and 2D NMR studies together with other instrumental techniques. As a result of this discovery, a biogenetic route has been proposed to explain its formation as an intermediary component of the chitin biosynthesis.
production of these biotechnologically relevant sugars from biological resources is becoming increasingly interesting [5, 6] .
Fungi, in contrast to other organisms that contain cellulose, are the only ones that combine in their cell wall extensive cross-linking between chitin, glucans, and others structural molecules [7, 8] . The cell wall complexity of this organisms means that its biogenesis demands a significant number of cellular activities that have to act in concert with the essential functions, controlling cell growth and morphogenesis [9, 10] .
Chitin is a copolymer with N-acetyl-D-glucosamine units linked with β-(1-4)-glycosidic bonds, which provide rigidity to the cell wall in chitinous fungi [11, 12] . This primary structure of chitin is assembled by different classes of enzymes encoded by families of genes whose expression is regulated in a cell cycle-dependent manner at the transcriptional and posttranscriptional levels [13] .
There is evidence that chitin synthesis is catalyzed by the chitin synthase (CS; EC 2.4.1.16), an enzyme that transfers β-1,4-linked anhydro-2-acetamido-2-deoxy-D-glucose (GlcNAc) from uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) to the nonreducing end of growing chitin chains [14] [15] [16] . However, chitin is synthesized by the regulation of distinct isoenzymes whose number ranges in some hyphomycetes [17, 18] .
Although there is relatively little information on the genes responsible for chitin biosynthesis in filamentous fungi, analyses of DNA fragments from taxonomically diverse fungal species have shown that most fungi have three to six chitin synthase genes [19] [20] [21] . Therefore, this diversity of chitin synthases makes it difficult to find a unique model of regulation of the chitin pathway.
In a previous work, as a result of the biotechnological production of a filamentous Penicillium roqueforti strain isolated from the marine environment, a detailed screening was carried out of its hydro and liposoluble fractions [22] . A new molecule was isolated and characterized, which is being described in this concrete paper, and a new biogenetic pathway of the chitin biosynthesis is being suggested.
Materials and Methods

Isolation and Identification of the Fungus
The halotolerant fungal isolate was obtained from marine water collected in the intertidal zone of La Laja beach, Gran Canaria, the Canary Islands, Spain. Water samples were collected randomly in sterile flasks (24 units; 125 mL each one) at 0.2-0.5 m depth, in accordance with the procedures proposed by Seymour and Fuller [23] .
Each water sample (0.5 mL, undiluted) was spread onto Petri dishes, and the plates were incubated at 26°C (±2°C) for 21 days. The isolation process and strain purification were carried out on Petri dishes using a modified KMV solid medium consisting in 1 g yeast extract, 1 g hydrolyzed gelatine, 1 g peptone, 5 g glucose, and 12 g of bacteriological agar in 1 L of filtered seawater (35 ppt salinity). The fungus was identified using morphological criteria as defined by the CABI Bioscience, Surrey, UK, as P. roqueforti, and a voucher specimen was deposited at the laboratory for future references.
Mycelial Production
After the purification of the colonies, the spores of the mycelia were scraped and transferred to Erlenmeyer flasks (2-L capacity) containing the sterile modified KMV broth, which had been autoclaved at 121°C for 20 min. The modified KMV broth was made from 1 g yeast extract, 1 g hydrolyzed gelatine, 1 g peptone, and 5 g glucose, all in 1 L of filtered seawater.
The fungal biomass production was carried out in liquid-state fermentation in static polypropylene boxes (83×46×18 cm) that had been previously sterilized with sodium hypochlorite and steamed for 5 min. Once the steam had condensed, the water was drained out of the boxes. The spore solution was then homogenized during 10 min in a magnetic mixer with a bar stir and transferred directly to each box (20 units, with 1.2 L of culture broth/unit). After 10-12 days of incubation at room temperature (22-25°C), the supernatant mycelia were separated by filtration and dried by IR radiation.
Apparatus and Analytical Methods
Normal-phase chromatography was carried out on silica gel (Scharlau) with a 0.06-0.2-mm particle size for the adsorbent and 0.04-0.06 mm for the stationary phase. The chromatography was performed either at medium pressure (Büchi Chromatography System) or at low pressure with Fluid Metering Inc. motors connected in series with an Ace Glass Inc. column. Reversephase chromatography was carried out on a LiChroprep RP-18 (40-63-μm particle size, Merck) column connected to a low-pressure chromatography system based also on a Fluid Metering Inc. apparatus.
Normal-phase thin-layer chromatography (TLC) was performed on silica gel plates (0.25-mm diameter, Tracer Analitica) using a combination of n-hexane, ethyl acetate, chloroform, and methanol as an eluent, in the proportions specified for each case. Reverse-phase TLC was carried out on RP-18F 254 plates (0.25 mm, Merck) with the use of CH 3 CN/CH 3 OH/H 2 O (80:18:2) as a mobile phase. In all cases, the spots were revealed by spraying with oleum (sulphuric acid, 4 %,+acetic acid, 80 %,+water, 16 %) and heating at 120°C for 20 min.
Analytical chromatography was performed using a Shimadzu HPLC system with an LC-9A pump connected in line with a UV SPD-6AV detector (254 nm). The conditions used for the normal-phase column were combinations of n-hexane and ethyl acetate as an eluent; and, in the case of the size exclusion chromatography column (Shodex OH Pak SB 806 HQ), a mixture of water and 0.05 % of sodium azide was used as an eluent. An eluent flow rate of 1.0 mL min −1 was used for all the analysis. 1 H, 13 C, and 2D NMR experiments were recorded at 300 MHz on an AMX Bruker apparatus. Tetramethylsilane was used as an internal standard for 1 H and deuterated methanol (δ 49.00) for the calibration of the 13-carbon NMR spectra.
Electrospray ionization mass spectrometry was performed either at low or high resolution with a common electron impact mass spectrometer (IE) or by fast atom bombardment (FAB). Positive-mode was carried out on a FAB-mass spectroscopy (MS) at 70 eV with a FISONS VG Micromass Autospec apparatus with 3-nitrobencylic alcohol (NBA) as the matrix.
Results and Discussion
Chemical Characterization
The supernatant mycelial biomass was collected, extracted, and fractionated according to the methodology described in Mioso et al. [22] . After extracting the mycelium, all the fractions were closely tracked by GC-MS for its volatile components, by refractionation (CCF, column chromatography, molecular size exclusion chromatography) and by spectroscopic studies (NMR), being identified and quantified a number of substances that have been described in a previous study [22] , with the exception of the Prm-L-3 fraction that showed an unusual compound and it was approached separately in this work (Scheme S1, in the supplementary material).
Spectroscopic Analysis of the Prm-L-3 Fraction
In the more polar liposoluble fraction (Prm-L-3), the following polihydroxylics compounds were identified: (1) mannitol and (2) 2-deoxy-2-phosphoamino-α-D-glucopyranose.
From the 1 H NMR spectrum, dissolved in DOCD 3 , the monosaccharide structure in its α-pyranose form was deduced {δ 5.10 ppm (1H, d, J=3.6 Hz, anomeric proton); δ 3.83-3.21 ppm (9H, m, OH, NH, CH+CH 2 geminal to oxygen or other heteroatom)}. The position of the anomeric proton in the 1 H NMR spectrum appears in all the pyranoses at relatively low magnetic fields at δ 4.42-5.42 ppm [24] . Moreover, in accordance with this author, the anomeric protons of the alpha isomers resonate, when the samples are dissolved in D 2 O, at δ 5.22±0.01 ppm (in DOCD 3 appear at δ even lower) and show coupling constants of J 1,2 =3.2±0.5 Hz, characteristics of axialequatorial couplings. However, replacing the hydroxyl group at C-2 by a -NH 3 + Cl − group or a -NHCOCH 3 group has a pronounced effect on the chemical shift of the anomeric adjacent proton [24] . Furthermore, in most of the monosaccharides in which mutarotation is possible, the resonance of the anomeric proton of the beta isomer is more intense than the alpha isomer, with the exception precisely of N-acetyl glucosamine, which displaces only one signal attributable to the anomeric proton of the alpha isomer (δ 5.19 ppm; J 1,2 =2.7 Hz in D 2 O), being justified by the assumption of a hydrogen bond O-H … N between the axial hydroxyl and the -NHCOCH 3 equatorial of the alpha form [24] , a phenomenon also observed in both the 2-deoxy-2-phosphamino-α-D-glucopyranose (2) as in the related sodium salt of the 2-deoxy-2-sulphamino-α-D-glucopyranose (3).
The 13 C NMR spectrum of compound 2 also is consistent with such structure (δ 94.897 ppm to the anomeric carbon and δ 74.383-54.716 ppm for the others five carbons), and it is consistent with the previously published data to the glucosamine and its derivatives [25] . (Table 1) indicates that it is differentiated of these pyranoses, mainly on the position of some signals, such as the one corresponding to the anomeric carbon (at δ 94.897 ppm) and the proton on carbon 2 (C-2) that displaces signals in form of double doublet at δ 3.4685 ppm (J 1,2 =3.6 Hz; J 2,3 =9.8 Hz).
In this sense, both spectra, the 1 H-1 H-COSY as the TOCSY and the NOESY, show a clear correlation between the anomeric proton at δ 5.0998 ppm and the mentioned double-doublet at δ 3.4685 ppm. This allows to assign this signal to the proton bonded to the carbon 2 (C-2) of the pyranose ring, which it also bonds to the proton of the carbon 3 with a coupling constant typically trans-diaxial of J 2,3 =9.8 Hz. A coupling constant J 1,2 of 3.6 Hz indicates, on the other hand, that it is a glucopyranose from de alpha series [26] ; and, a chemical shift displacement of the anomeric proton at δ 5.0998 ppm is consistent, according to the literature [27] , with the glucosamine N-phosphated structure.
By column chromatography, low-pressure and reverse phase, it was possible to access to a crystal-enriched sample in this compound. A high-resolution mass spectrum consistent with the C 6 H 11 O 8 NP formula and the rest of the NMR data ( Table 1 ) coincides with that of a 2-deoxy-2-amino sugar described in the bibliography for the Penicillium notatum mycelium and whose structure remained without elucidating [28] . Supporting this, it was proved that the chemical analysis of the cell wall of P. roqueforti results very similar to the P. notatum, finding both phosphates as hexosamines [29] .
To elaborate more on this deduction, commenting that as well as the O-sulphatation of hexoses produces paramagnetic displacements of the geminal proton to the O-sulphate group at 0.7-0.8 ppm [30, 31] , and the N-sulphatation of hexosamines creates paramagnetic shift from 0.47 to 0.57 ppm for the H geminal to the N-sulphate group [30, 32] ; it is logical that the O-phosphatation generates even greater paramagnetic shifts in such geminal to O-PO 3 H proton, >0.70 to 0.80 ppm, and the glucosamine-N-phosphatation generates them, >0.47 to 0.57 ppm, such as the value observed here of 0.84 ppm (0.46 ppm with respect to glucosamine chlorhydrate) ( Table 1) . Everything points in the direction that the substance is 2-deoxy-2-phosphamino-α-D-glucopyranose (2), the structure that was proposed in this work for this metabolite.
Note that the alternative structure of 2-O-sulphate-α-D-glucose has been discarded by the absence in the NMR spectrum of the signal corresponding to the carbon 2, which should appear shifted 6.39 ppm towards lower fields with respect corresponding to the carbon in the D-(+)-glucose, that is, about δ 79.3627 ppm (72.9727+6.3900) [33] . In the same way, the alternative structure of 2-deoxy-2-sulphamino-α-D-glucopyranose (3, R=SO 3 H) has been discarded, mainly by the absence in the NMR spectrum of the signal corresponding to the carbon 2, which should appear at δ 3.68 ppm towards lower fields with respect corresponding to the carbon in the D-(+)-glucosamine, that is, about δ 59.914 ppm.
Consistent with our assignment, the chemical shift presented by the proton geminal to phosphamino group -NHPO 3 H (δ 3.4685 ppm) is displaced to lower fields with respect to the proton geminal to the ammonium group -NH 3 + Cl − of the chlorhydrate of the glucosamine (δ 3.0129 ppm) in 0.4556 ppm, which agrees with the shifts described for the hydrogen at C-2 as a result of the N-phosphatation of the hexosamines, and at the same time it disagrees with the shifts described in the literature for the hydrogen C-2 as a result of the O-sulphatation of the hexosamines, which is of the order of 0.6660 ppm [31] .
Alternative Chitin Biosynthetic Pathway
According to the literature, the cell walls of Penicillium charlesii G. Smith present 69 % of the total neutral hydrocarbon content. The glucosamine, comprising the 12 % of the wall cell, is present mainly as chitin [34] . The finding of the novel intermediate N-phosphate glucosamine, which has not been previously reported, suggests that the incorporation of the glucosamine into the chitin biogenesis in fungi can proceed through other alternative pathway [35] . The pathway here proposed is presented in Fig. 2 .
Once the D-glucosamine (GN) is synthesized from its precursor the β-D-glucose, it is converted to 2-deoxy-2-phosphamino-α-D-glucopyranose (GNP, 2) by the cytosolic, Fig. 2 Alternative chitin biogenesis glycolytic enzyme hexokinase (HK) [36] . Then, in accordance with Jolly et al. [37] , the GNP is transformed into glucosamine-1-phosphate (G1P).
This reaction occurs through an intramolecular nucleophilic substitution by the action of a phosphoglucosamine mutase enzyme (GlmM). There are ample evidences of this enzyme activity in related systems [38] . This compound is stable and it does not epimerize to the β-D-glucosamine-1-phosphate by the hydrogen bond between the group -NH 3 + and -OPO 3 H − . Glucosamine-1-phosphate (G1P, 4) undergoes an acetyl group transfer step by the action of a glucosamine-1-phosphate acetyltransferase (G1PAT), leading to the synthesis of the Nacetyl-D-glucosamine-1-phosphate intermediate. In support of this theory, it should be noted that in Escherichia coli, the protein encoded by an N-acetylglucosamine-1-P-uridiltransferase (EC 2.3.1.157) gene is a bifunctional enzyme that catalyzes the two last steps in the de novo biosynthesis of UDP-N-acetylglucosamine, a precursor used in the bacterial cell wall synthesis [39, 40] .
N-acetyl-D-glucosamine-1-phosphate serves then as the precursor of the activated sugar UDP-N-acetyl-α-D-glucosamine in a reaction catalyzed by N-acetylglucosamine-1-P-uridiltransferase (AGPUT) [41, 42] . G1P is then N-acetylated with acetyl-CoA by the action of a glucosamine-1-phosphate acetyltransferase (G1PAT) to produce Nacetylglucosamine-1-P. This intermediate polymerizes stereo selectively through 1,4-β-glycosidic linkages. It is the alpha arrangement of the leaving group -OPO 3 H − which determines that the hydroxyl in the G1P (4) of the following monosaccharide goes in by the beta side, such as the stereoelectronic requirements under the S N 2 reaction.
The final step in this biosynthetic chitin biosynthesis pathway utilizes UDP-N-acetyl-α-Dglucosamine in a polymerization reaction to form chitin, catalyzed by chitin synthase (CS). The CS reaction occurs in the plasma membrane and it is carried out by an integral membrane protein complex that polymerizes and extrudes chitin [14] . This enzyme is the key enzyme of the pathway and the only enzyme specifically associated with chitin biosynthesis.
Conclusions
A new strain of P. roqueforti was isolated from the marine environment. The biomass of P. roqueforti necessary for its chemical study was produced successfully at a laboratory scale. By partitioning and in accordance with the modified Kupchan method [43] , a polar fraction has been reached with these substances identified: (1) mannitol and the novel (2) 2-deoxy-2-phosphamino-α-D-glucopyranose. Based on these findings, an alternative chitin biosynthetic pathway with the participation of the new 2-deoxy-2-phosphamino-α-D-glucopyranose (2) and a glucosamine-phosphate mutase activity (GlmM) is proposed.
